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FOREWORD
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ter 3 with 
Chrysoberyl.

This technical report has been reviewed and is approved.

HY AN MARCUS, Actg. Chief

Thermo & Chemical Physics Branch
Materials Physics Division
X; Materials Laboratory

H



I
ABSTRACT

Beryllium oxide crystals weighing up to 1.07 g'ams have been grown
hydrothermally with the nutrient temperature at 535 + 50C and the growth
temperature at 505 ± 50C. Four normal potassium hydro"Ide was tised as

hydrothermal solution, Growth occurred in the vapor phase above the
potassium hydroxidg solution. The quality of the seeds used has a major
effect on the quality of the crystals grown. The relative growth rates

in the various directions are:

£11.01 > C00.13 OW 0o.- > E11.13 > C10.13 > £10.03

It is the positive pyramieFi termination which is nucleated and grows
L-on -the seed. The-crystals grown have been characterized by chemical,
-petrographic, and x-ray diffraction methods, and one crystal in par-

ticular las been shown to be of high quality. Growth rate measurements
of BeO are reported.

Afn exsolution dome has been found An the system KNbO3-KTaO 3, and the
composition KTao.6 5Nbo.8503 (KTN), which has useful electro-optical pro-
perties at room temperatures, is metastable at temperatures below 900 +
10dC- The hydrothermal growth of KTN single crystals is, therefore, not
feasible with the equipment currently availoble.

Solubility determinations of chrysoberyl aeve been made in KOH, NaOH
and water The values obtained are far greater than those of either A1203
or BeO.
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CHAPTER I. BERYLLIUM OXIDE

I. INTRODUCTION

5Beryllium oxide has recently attracted special attention as a ceramic
material, because in comparison to alumina it has a very high melting point,
comparable mechnical strength, lower specific gravity, higher electrical
resistance particularly at elevated temperatures, and an imcomparably greater
thermal conductivity. These properties, particularly the latter two, make

I it unique for heat sink applications in electronic devices. The fabrication
of devices from single crystalg rather than from pressed polycrystalline
aggregates is desirable because it is then possible to specify the required
tolerances to a very high degree of precision. This is particularly impor-
tant where weight, size and the reliability of the component are important
factors in the design of the device. Also there is a higher probability
for epitaxial growth on sirvgle crystal substrates.

Th6 objective of this research project is the growth of large high
quality BeO crystals. This program was divided into three steps: (a)
the growth of seed material of satisfactory quality, (b) the determination
of the optimum conditions for the transport of materials from the nutrient
zone to the seeds, and (c) the growth of high quality crystals. The work
done during the first year was concerned with the first two steps, and it
was conducted on a very small scale. -During the first half of this year,
we were particularly concerned with scaling up the equipment and making it
operate tnder the conditions previously determined, so that larger crystals
could be grown. In the latter half of the year, we were interested in re-
fining the optimum conditions for growing large crystals and tho growth and
characterization of these- crystals.

1, The two difficulties encountered have been firstly, the initial growth
of cryP'4als of satisfactory quality and size so that slices if different
orientations can be made for the study of their overgrowth characteristics

and secondly, the prevention of the incorporation of impurities, including
silver, into the crystals.

The crystallographic orientation of the seed used. for growing a crystal
is one of the most important factors affecting the growth, because it has
a direct bearing on both the growth rate and qualily of the crystal produced.
This is well illustrated by the growth of quartz 1 . The successful growth
of BeO crystals is complicated by the (00.1) plane being a twin plane.

A complementary program on the characterization of the crystals grown
was initiated along with the growth program. This work included not only
considerations of the chemical purity of the crystals produced, but also
their crystallographic perfection.

i"
1
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II. PREVIOUS WORK

Most of the previous attempts to grow BeO crystals involved either
crystallization from molten salts or vapor phase techniques (2 , 3p 4).
Newkirk and Smith(4) investigated the application of hydrothermal methods
to the growth of BeO crystals in neutral and alkaline environments, and
Newkirk( ) determined ,the stability relations in the systems BeO-H20, and
Na20-BeO-H'0 at concentrations of NaOH solutions to 8.02 molal, as a func-
tion of temperature and pressure up to 6000C, and 4,100 bars. No notice-
able difference was found between the phase diagram for the former (Figure
1), and that with NsOH solutions. He found that the univariant reaction
curve passed through the points 2000C at 4,100 bars, and 170 0C at 300 bars.
He also observed that BeO formed in the range 175 to 250 0C was not well
-developed, and possessed -a larger unit cell than that attributed to BeO
Newkirk and Smith demonstrated that small BeO crystals could be grown
hydrothermally in 2.03 M-NaOH solutions at 4000-4250 C and 2,000 bars.
They obtained prismatic crystals 0.125 inch long, and which grew in the
-positive polar direction at a rate of 0.005 inch per day. Hill and
Harker(6) showed that 4N-KOH solution was perhaps a superior solvent pro-
ducing crystals of high quality. They determined the solubility curve of
BoO in this and other solvents at 1,000 and 4,000 bars. (Figure 2).
The former curve is interesting in that it is composed of two separate
parts a low temperature region where the slope of the curve is slight
and a higher temperature region where there is a significantly greater
slope to the curve.. This information offered the possibility of control-
ling growth rate vory precisely. Slow growth could be achieved by working
in the lower temperature region while a faster rate was possible by work-
ing in the high temperature region. Growth control may also be- exercised
by working at pressures between 1,000 and 4,000 bars. The last possibility
is attractive, but has the disadvantage that there is a drop in solubility
as pressure is increased. This could result in poor overgrowth because of
the rapid increase in growth rate while the pressure is being increqsed.

2



500C

4000 - 6 0

* 0 A A

a: A

'~3000-

2000 o % 0 0

A

IiAILH 1000 0 *A~0

100 200 300 400 500

TEMPERATURE (0C)
Figure 1.Phase Relationships in the System BeO-H29(5)
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III. EQUIPMENT AND MATERIALS

iHydrothermal Equipment

Three hydrothermal crystal growing systems are available for this work.

These were designed to take the Tem-Pres LRA-150 series of autoclaves. The
furnaces are Kanthal wound and have two independently controlled temperature
zones. Two of these (Figure 3) have variacs between the control system and

the furnace so that the furnace power can be varied to give better control
of the temperature gradient in the furnace. The third system incorporates
saturable core reactors between the controllers and the furnace. This isI particularly useful when small thermal gradients are required.

The autoclaves used are the LRA-150 series fabricated of Rene alloy,
and Haynes Stellite Alloy No. 25. The interior of the vessel is lined with
a closely fitting silver thimble. The internal dimensions of the vessels
pre 1.25 inches diameter and 7.0 inches deep. The seal is of the modified
Bridgman type, with one silver and one brass washer. This has the advan-
tage of producing a good seal with littleodistortion of the washer. This
is particularly important at temperatures above 5000C, because of the plas-
tic flow of silver above this temperature and at the pressures involved.

Starting Materials.

The manufacturers batch analysis of the BeO powder-used was 99.9%, and
the KOH 99.9+4, these were both supplied by the Gallard-Schlesinger Chemical
Mfg. Corporation, Carle Place, L.I., N. Y. Demineralized water from a mixed
bed unit was used to prepare solutions. The Beo powder was formed into
pellets and fired to about 14000C by Coors Porcelain Company, Golden, Colorado.
The spectrographic analysis of .he Bee powder and the pellets made-from it

are given in Table I.

TABLE I

SEMI-QUANTITATIVE SPECTROGRAPHIC ANALYSIS OF BeO STARTING MATERIN 15

Element Powder Pellets

Ca 2 ppmi 1000 - 40 ppm
Al 20 1000 - 300
Si 100 1000
Ag <2 <2 - not detected

Mg <5 1000 - 300
Ti 10 20 - 10

- Na <10 <10
K <10 < 10

*Sought but not detected: Sr, Ba, Cr, B, Mn, Sb, Zn, Pb, Ge, Co, Zr, Bi,

See Appendix 2

5



Figure 3. Tem-Pres Gradient Furnaces, With Independent Zone
Controllers for LRA-150 Type Autoclaves.
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The semi-quantitative spectrochemical analyses show that the pellets were

contaminated at some stage in the fabrication process. The contamination

was, however, not homogeneous because quite different resultz were obtain-

ed between the values of replicate analyses of two samples from the batch

of pellets. It will be shown later that of the contaminants, only SiOn,
4 is significant as far as the growing c.'ystal is concerned.

Crystal Characterization Equipment

A General Electric x-ray diffractometer with copper radiation was used

to record the diffraction peaks from the various faces of the BbO single

crystals. The diffrac*ometer was equipped with a goniostat for alignment
of the crystals.

X-ray topography was done using similar equipment to that described

byWebb(7)•

J
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IV. CULTURE AND PREPARATION OF SEEDS

Culture of Seeds

Large high quality crystals of bromellite (BeO) are not known to occur
in nature and so much effort was spend on the culture of seeds. This is
Aecessary because it is usual for the quality of the overgrowth to be
poorer than that of the initial seed, and the size of the seed tLsed has a
direct bearing on the size of the crystal grown.

Small seeds 0.1 and 0.2 inch Were obtained from the walls of the LRA-
150 vessels in most crystal growth runs. However, because of the mutual
interference of the crystals their quality decreased with size, and there-

_- fore with the duration of the runs. This was particularly evident at high
temperatures. A 0.013 inch diameter hole was drilled through the better
crystals and a 0.01 inch diameter platinum wire threaded through. These
crystals were then suspended in 5 or 10 mm diameter gold tubes. Four
normal KOH solution was used as solvent and pelletized BeO as nutrient.
These over-grown crystals were further examined and the best ones selected
for further overgrowth. These were later used for growth studies, and
when they were large enough .00.13 plates were cut from them with a sonic
cutter. In a few cases, the pyramidal terminations and C10.13 oriented
slices were used as seeds. It was only in the later stages of the work
that seeds of other orientations could be cut, because the larger crystals
-which were grown usually contained only a small area of sufficiently high
qua~ity suitable for the cutting of seeds.

It was necessary in all cases to determine the quality of the seeds
to be used in each run. To do this the opposite faces of the seeds were
polished. These were thein examined inder the binocular and petrographic
microscopes. Both reflected and trbasmitted-light were used. Particular
attention-was paid to the presence of twinning, inclusions, cracks and
strain. A defect which was present in most of the seeds was the ghost
boundaries of each overgrowth cycle. These were not well defined when
the overgrowth occurred in the lower temperature region of the solubility
curve. However, where rapid growth occurred in the higher temperature
region a well defined junction was observed. Often this contained a small
amount of fluid. When a 100.13 plate was used ss seed a series of inclu-
sions were present. In some cases these had regular outline, but in others
they were irregular. Seeds which were twinned, had major cracks, or had
many inclusions were i ejected.

Orientation and Cutting of Seeds

As the crystal growth studies progressed, seed crystals of particular
crystallographic oripntations were needed for the study of their growth
characteristics. The procedure used was to mount the crystal, from which
it was desired to cut the seeds, on a gonlometer and identify a reference

I,



face with an x-ray diffractometer. The crystal was then rotated through
the correct angle necessary to bring the required plane into reflecting
position, so that the angle between the reference face and the desired
plane could be checked on the dlffractometer, Usually the (10.0) face
was used as the reference face. The (1l.l slice was the only exception
to this procedure because it does not give a reflection. The slices were
cut with a diamond saw having two axes of rotation to make the required

V adjustments.

The cell constanits uped in the calculation for the procedure were
a = 2.698 X, c = 4:>30 A. The interplanner angles were calculated

frmthe equation:
foteqao hha + kik2 + i/2(hll,;2 + h2k1 ) + 3/4(a/c)21112
Cos 0 =

h2+k 1
2 + hk + 34(ac)212 h 2 + k 2

2 + hk + 3/4(a/c)2 
2

where (h1 k, 11) and (hg k2 12) are the indices of the planes concerned.
The angles calculated between the planes in which we were interested are
listed in Table 2.

TABLE 2

INTERPLANER ANGLES FOR BeO

h, .ki 11 h 2  k 2  12 0

1 0 0 0 1 0 60

1 0 0 0 0 1 90

1 0 0 1 1 0 30

1 1 0 1 1 1 17.1

0 0 1 1 1 1 72.9

1 0 0 1 0 1 28.1

O 0 1 1 0 1 61.9

1 0 1 1 1 1 29.7

9



Since the location of the (11.1) face could not be confirmed by the
x-ray diffractometer, a variation of the above procedure was used. The
pertinent axes for the orientation of the crystal for the (11.1) face

4.using the (10.0) and (10.1) faces 
are indicated diagramatically in Figure

(00.1)

(OIo-90*

(02.0)

0 

.

Figure 4. Diagram Indicating the Pertinent Axes for the
Orientation of a BeO Crystal for the (11.1)

Face Using the (10.0) and (10.1) Faces.

10
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Table 3 lists the x-ray reflections used for checking the orientation
of the planes of the crysta2s.

In the cutting operation tho (10.0) face of the crystals was oriented
parallel to the normal cutting wheel plane with the (00.1) vertical. The
base of the saw was then turned 300 and the cutting wheel tilted. 17.10. The
slices were then made. In all cases a 0.313 inch diameter hole was drilled
through the seed plates and a 0.01 inch diameter platinum wire threaded

- through them, and tied. The seeds were, then thoroughly cleaned by washing
with xylene, thon vcetone and dried. "After this,, they were allowed to
stand overnight in warm concentrated HCl, washed and aired. Whe seeds were
then stored in a cleanptoppered bottle ready for use.

The orientations used are (06.1), (10.0), (10.1), (11.1), and (11.0).
Figure 5 shows the location of tIese planes in the crystal.

Internal Assembly in Autoclave

Two methods of suspending the seeds were used, (Figures 6 and 7). In
the first method the suspendi-g pPntinum wires were directly attached to a
lower silver plate at the closure of the nutoclave. The second method was
the suspension of the seeds from a ladder made of platinum wire. This
ladder was suspended from a lwer silver washer placed below the plunger.
The former method was useful where the divect comparison of the growth ofa number of seeds was required. The latter method was perferred for crystal-growing runs of much longer duration, because it reduced the risk of mutual

- interference of crystals. It was used almost exclusively during the latter
part of the program.

The autocl ives were divided into two "isothermal" regions by a baffle
of the type illustrated in Figure 8. The baffles had a 10 percent opening.
The lAffle was held in position by two silver rods joining it to a silver
basket at the bottom of the vessel. This basket contained the nutrient
material. The silver thimble lining the autoclave, baffle and basket
assembly, and closure plate were all made from silver of the same
composition (99.99% pure, suppliers specification).

I!W
¢-.1

1:./I



TABLE 3

X-RAY REFLECTIONS kOR CHECKING ORIENTATION OF BeO CRYSTALS(1)

2e hkl Rel. Intensity

38.5 1 0 0 91

41.3 0 0 2 61

43.9 1 0 1 100

57.7 1 0 2 2

69.7 1 1 0 29

77.0 1 0 3 24

82.6 ,0 . 4

--84.4 1 2 16

86.6 2-0 1 5

89.4 0 0 4 <1

96.8 2- o2 3

102.0 1 04 <1

115s 2 0 3 10

121.4 2 1 0 4

125.9 2 11 5

130.0 11 4

139.9 1 0 5 14

140.7 2 8

1) Swanson and Tatge (8) , (29 angles palculated for Cuga radiation

- 1.5418A)

12
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Figure 6. BeO Seeds Suspended from Lower
Silver Washer. (Run 829)

Figure 7. heO Seeds Suspunied a~n P~ilfILadder Assembly. (Run 919)

14



Figure 8. Baffle and Nutrient Basket Assemblies.

Note corrosion marks on the last two -ssemblics, whichi have been used,and the extensive growth of silver crystals on the last assembly. Heavi-
est growth is at what appears to be liquid-vapor interface - run 880.

15



V. RESULTS

Growth Rate Measurements

It was observed that the growing area was the positive pyramidal
termination, and it was this that was nucleated, and subsequently gener-
ated the other faces. It was also observed that the (00.1) plane acted
as a twin plane. The result was that where the (00.1) was exposed for
;r-wth. the-positive pyramids which nucleated there initially resulted in
an area of poor growth. % However, since all these were in the same crystal-
lographic orientation it was possible for them to heal by lateral growth.
Unfortunately, this only occurred when the growth perpendicular to the
c-axis was sufficiently fast to keep pace with the growth along the c-axis.
So-fer, this-hss only been checked in one run. Usually the lateral growth
was so much slower and poorer in quality than that along the c-axis that a
zone of inclusions occurred parallel to the c-axis.

A summary of the growth rate measurements completed to date is given
in Table 4.

The presence of a poor junction between the seed and the overgrowth
material has been a major factor causing the growth of poor quality crys-
tals (Figure 9). This problem has been successfully solved by programming
the heating cycle of the vessel, Three heating cycles were studied: (a)
rapid heating to temperature, (b) slow heating to. temperature, (c) rapid
heating to a fixed temperature followed by slow heating. The first pro-

cedure gage the poorest junction of overgrowth to the seed. The second
often resulted in the complete solution of the seed. In the third cycle,
it was found convenient to heat the autoclave to 400 ± 200C and maintain

this temperature for 24 hours. The temperature of the autoclave was then
raised to the desired value over a 24 hour period, while at the same time
a temperature gradient of 10 0 C was maintained between the nutrient and
growth zones. The autoclave was only adjusted to the desired operating
temperature when the temperature of the nutrient zone was within 200C
og that desired for the seed zone. This method permitted the dlssolving
of sufficient material from the seed for it to present a 'clean' surface

for growth, and so a good junction is possible.

BeO crystals of the highest quality were grown in run 920 (Figure
10). The nutrient temperature was 5270C and the seed temperature 5040C.
A stepwise heating cycle was used. The crystal grown on thetOO.1 seed
plate was of slightly lower quality, and appeared to contain a signifi-
cantly higher dislocation density than the other. Detailed evaluation
of these crystals will be discussed later in this report. Some other
runs have yielded even larger crystals than those illustrated in Figure
10. The largest of these obtained so far are shown in Figure 11 (Run
938). The crystal labelled (6) weights 1.07 g., and those labelled (1)
and (2) are only slightly smaller. The poorer quality 6f these crystals
reflect the Quality of the seeds used. The slices were obtained from
the crystal shown in the upper left hand corner of Figure 12.

16



TABLE 4

GROWTH RATE MEASUREMENTS OF BeO CRYSTALS IN 4N-KOH

Run Growth Rate ins[day_
Run Temperature OC Duration No. of Parall. to Perp. to
No. Nutrient Seed Orientation in Days Meas. c-axis c-axis

700 728 700 Prism. cryst.(1) 8 1 0.014 -
810 590 580 Prism. crystg> 11 3 0.009 0.002
82'- 580 570 Pyrd. term. 31 3 0.006 0.003

(00.1) plate " )  2 0.008 0.003
(O0.Y) term. 1 0.012 -

921 581 575 (10.1) plate 23 1 0.003 0.002

(00.1) plate 1 0.003 0.0004
Prism. cryst. 1 0.003 0.001

919 575 554 (10.1) plate 20 1 (0.002) 0.001
(00.1) plate 1 0.005 0.001
Prism. cryst. 1 0.007 0.001

880 571 $51 (00,1)p3ate 37 2 0.006 0.002
657 561 550 (00.1) plate 14 5 0.005 0.001
656 548 532 (00,1) plate 14 5 0.004 0.001
833 543 S23 Pyrd. term. 62 4 0.002 0.0006

538 535 502 (10.1) plate 90 1 0.0026 0.0015
(11.1) plate 1 0.0031 0.0010
(00.1) plate 1 0.0032 0.0002

Pyrd. terin, 1 0.0023 0-0004
V Prism. cryst. 1 0lOll 0.0003

(11.0) plate 1 0.0037 0.0014
, 920 527 504 (10.1) plate 68 1 (.0015) -

(00.1) plate 1 (.0001) (0.0001)
Prism. cryst. 0.001 .0001

(1) Prismatic crystal with positive pyramidal termination
(2) Positive pyramidal termination of crystal
(3) Plate of the orientation indicated -sawn from the crystal

1
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~F~gure 9. Photomigrographs of COO.i1 Sections Through BeO
Crystals Grown on E00.l3 Sued Plates. (Run 829)

Note varying sharpness of junction of overgrowth material with (10.0)
face. Small divisions on scale in each photograph are 0.01" apart.
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i Figure 10. High Quality BeO Crystals. (Run 920)

The cryst'al on t~e le!L grew on a 110.11 seed plate and is of the high
quality, while that on the right grew on a C00.11 seed plate and is not
as good in quality. (The smallest divisions are 0.01 inches.)
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Figure 11. '"adder Assembly With Grown BeO Crystals
at the End of Run (938).

t ~The crystallographic orientations of the seeds used n.rp , r-
plate, (2) cut [11.13 plate, (3) platy crystal, (00.) (4 stubbcrs

tal with pyramidal termination, (5) prismatic crystal with pyramidaltermination, (6) cut (11.03 plate.

20
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Figure 12. BeO Crystals Grown on [00.1] Seed Plates (Run 829).

Crystal number 1 was used for slicing into £10.11 seed plates.
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The feasibility of the meniscus between the liquid and vapor phases
acting as a vatiufaotory baffle botween tho nutriont and growth zonas
was tested. In one run of thirty days duration, with the temperature in
the nutrient zone at 5860C and the gradient to the growth zone 120C, no
mechanical baffle was installed. It was found that the seeds did not
grow, and in fact, some dissolved, although small BeO crystals grew on
the upper part of the walls. Growth on the seeds occurred in a previous
run under similar conditions but with a mechanical baffle installed.
This showed that two distinct isothermal zones were not formed simply by
the presence of a meniscus. There was also the possibility that the con-
vection pattern inside the vessel may be drastically affected by the de-

sign of a baffle used and the percent opening. These observations showed
that some type of baffle is necessary in order to obtain satisfactory

_ growth.

Effects of Impurities on the Crystals

It was observed that the extent of inclusion of silver in the crys-
tals grown was related to the proximity of the crystals to the silver
liner, and that the growth of silver dendrites occurred at the interface
of the liquid and vapor phases. This indicated that silver was less
soluble in the vapor than in the liquid phase. Our initial approach to
solving the problem of the contamination of the 6rystals by silver has,
therefore, been firstly to place the seeds in the central part of the
vessel, and secondly to grow the crystals ii the vapor phase rather than
in the liquid. This has resulted in the lowering of the silver content of
the crystals from 1000 ppm (Run 810) to e0.5 ppm (Run 880). The limit of
detection of the spectrographic method used is 0.5 ppm. During the latter
part of the investigation, it was learned that a group at Airtron had en-
countered a similar problem in their work on the hydrothermal growth of ZnO
single crystals (9 ) . These workers attributed the cause of the corrosion of
the silver to the presence of dissolved oxygen in the KOH solution, and
solved this by suspending a piece of zinc metal in the KOH solution to
scavenge the oxygen in the system. We have adapted this technique to our
problem by suspending a strip of beryllium metal in the liquid in the lower
part of the vessel to remove any free oxygen present in the system. To
date none of these 2'- have been opened.

* It was further observed that the amount of liquid which remained in
* the vessel at any particular temperature had a bearing on the quality of

the crystal grown, and probably on the presence of some silver inclusions
in the crystals. It is believed that this is due to the fact that when
the level of the liquid present in the vessel during the run is low*, the
growth along the c-direction is more rapid relative to that in the direc-
tion perpendicular to it. When more liquid is present the growth perpen-

dicular to the c-axis increases in speed and is of higher quality. Small

tThis was estimated from the position of the silver dendrites in the vessel,
and the degree of fill of the autoclave. (see Figure 8).

22



silver dendrites are sometimes trapped in the inclusion in the poor quality
crystals. It may be that the rate of diffusion 6dfrnutrient on the growing
face may be the controlling factor here. The optimum Condition for prevent-
ing these inclusions from occurring appears to be when the surface of the 4
remaining liquid is somewhat below the level of the lowest crystal in the
growth zone.

A run at 5860C developed a leak due to the solution of silver in the
lower part of the liner by the KOH solution, with the formation of silver
dendrites at the interface of the liquid and vapor phases. It was observed
that the BeO crystals which formed in the liquid incorporated cobalt dis-
solved from the walls of the vessel. On the other hand, the crystals which
grew in the vapor phase were free of the cobalt coloration. The cobalt
contaminated BeO crystals had poorly developed faces which tended to be
rounded. Attempts to modify the relative growth rates of the crystal faces
by -incorporating P04" ions in the solution did not produce detectable results.

I 1
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Characterization of Crystals

Most of the work done in this direction was anslyt cal and optical,
because the more refined and sophisticated techniques are only valuable
after the first order effects of chemical purity and obviously poor
quality crystals have been solved. We are now beyond Pis stage and so
our efforts will be more concentrated on the crystal ptfection as can
be measured by x-ray and other tenhniques.

X-ray Topography: The Berg-Barrett and/or the parallel beam method(1 0 )

ruveals the densityof dislocation and some angular misalignment in crystals.
The lattice parameters when measured with high precision (approximately 1/
100,000) will test the constancy of the unit cell dimensions from crystal to
crystal. Detailed study of the line profile can be used to estimate micro-
strain and mosaicity.

Lattice Parameters: The unit cell dimension a was calculated for each
of the observed angles of the (300), and (200) peaks and the final value of
was arrived at by extrapolating the two observed values against Cos2

e/Sine.

The measured a values for all of the crystals are precise since the
(300) peak is at a-high angle (,1630, 2e), and further the expression
for the a lattice parameter of a hexagonal crystal reduces to the follow-
ing simple form using the (hO.O) peak

2h 2 Z

A major difficulty in determining the c valuie of BeO crystals is that the
only natural faces which involve the c-dimension are 11.1 and 10.1. Both
the (00.1) and (00.1) faces were ignored here because they are usually
small or absent. Since the (11.1) plane gives no reflections, only the
(10.1) plane could be used. However, the values obtained showed wide
variations and so were not acceptable. Tho problem was resolved by using
polished (00.1) slices cut from the crystals grown. These gave the values
listed below.

A0  c o

o 0
Crystal 1 2.6976 + 0.0002A 4.3780 + 0.0002A

0 0
Crystal 2 2.6977 ± O.OU02A 4.3774 + 0.0002A
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In an attempt to improve the measurement the c-value was obtained from the
(00.4), and (00.6) peaks of crystal 1. CuK radiation was used. A tip of
the crystal was placed in the beam, but it qs not known pith any certainty
whether the reflection was from a face or a plans. The value obtained sug-
gests that it was not. The value is, c = 443700A, (00.,4) and (00.6).

The internal strains in the crystals were estimated by the degree of
• resolution of the Ka, and IC2 doublet of the (20.2) peak (20-96°)nd by

comparing this with the (400).peak of a LiF single crystal (2e. 1000). The
linear absorption coefficient of BeO is smaller than for LiF (,# = 26 for
BeO; / = 34 for LiF) so that the a 2 separation would not be expected to be
as great in BeO as in LiF.

L

Elemental Purity: The results of the elemental analyses of BeO crystals
grown on this project is given in Table 5. Spectrographic analyses of other
BeO crystals reported in the literature are also given for comparison.

TABLE 5

SINI-QUANTITATIVE SPECTROC"EMICAL ANALYSES OF BeO CRYSTALS
/

Element! Run 880 Hydrothermal Hydrolysis of PbF2PbO
/ (1) (2) BeF2 (3) Flux2 (4)

Ca / 10ppm - ppm 20,ppm - ppm
All - 20 60
si/ 100 100 30 . 20
Ag! n.d. -
g! 10 30

Ti n.d. 40
Na n.d. - - -

Fe <10 10 - 100 50
Pb n.d. - - 100
F - 1000
B n.d. 7 - 10

1. BeO crystal from T.P.R. Run 880. Sought but not detected:
Ni, Ag, Co, V, Ti, Sr, Zr, Cu, Ba, Mnt Sb, Sn, Ge, Ca.
(Norman Shur, Analyst) -

2. Newkirk and Smith 4

3. Newkirk and Smith 4

1 4. Newkirk and Smith 4

n.d. = not detected

[I The BeO crystals obtained in Run 92G (Figure 10) were examined without
any preliminary preparation, i.e., they were neither polished nor etched.
The Barg-Barrett apparatus used was similar to that described by Austerman(10).

-The diffraction image was recorded on Kodak Spectroscopic Film. Photographs

25



I

were taken of the (10.1) face of the first crystal (platelet) and of the (100),

faces of the second crystal (hexagonal outline). Photographs of the crystals

were taken through a microscope while Berg-Barrett enlargements were obtained

I by direct enlargement of the spectroscopic film. Figures 13-17 illustrate

the results.

-2I
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Figure 13. Optical Photographs of (±O 1) Face of Crystal 1,I Figure 10 (see page in).
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Figuve 15. Optical Photograph of (10.0) Face of Crystal 2,
Figure 10.
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K. I Figure 16. Optical Photograph of Adjacent (10.0) Face
of Crystal 2, Figure 10.

The black hexagonal figure is a smail negaive inclusion at the surface of
the crystal.
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- Figure 17. Berg-Barrett Phots±,raph of (10.0) Face
of Crystal 2 Figuvre 10.

IiFigure 18. Berg-Barrett Photograph of Part of

Figure 17 Enlarged.
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VI. DISCUSSION OF RESULTS

Perhaps the most significant observation made in relation to the hydro-
thermal growth of BeO crystals is thst it is the positive pyramidal termina-
tion which is nucleated. This means that the orientation of the seed must be
such that the nucleation on this plane will not cause the crown type growth
which oc~urs when the (00.1) orientation is exposed for growth. To minimize
this, the rate of growth of the seed must be such that few of these are nu-
cleated and these spread out rather than form .pires. The use of the 1li.03
and Eli.1 seed plates would seem to encourage this type of growth. The for-
mer is not a naturally occurring face, while the latter occurs very rarely,
so both of these would be expected to be relatively good planes for this
purpose. These seed plates along with others were used in Run 938 (Figure
11). This run confirmed that the relative growth rates in the various direc-
tions are:

L11. 03 > too. I' Vd coo.i3 > 11. 11 > [lo. 11 > [10. 03.

Because of the varying quality of the seeds used, we cannot at this time
unequivocally determine the effects of the seed orientation of the quality of
the crystals produced, but tentatively these seem to be:

ClO.13 V ill.13 > [11.03- [10.03 > Coo.13 o £00.1.

Perhaps the most important factor affecting the quality of the crystals
grown is the quality of the seeds used. This has been well demonstrated
in runs 920 (Figure )0) and 938 (Figure 11), and is summarized qualitative-
ly in Table 6.

TABLE 6

EFFECTS OF SEED QUALITY ON OVERGROVMh

Seed Crystal
Run No. Orientation Quality Quality

920 (00.1) Lair good
(10.1) v. good v. good

938 (10.1) poor fair
(11.0) poor fair
(11.1) poor fair

Another possibility of improving the quality of the crystals was tried

with the (11.0) and (11.1) seed plates. This is the use of PO' ions which
are reported to encourage lateral growth (4 ) (Run 932). We have observed

that under hydrothermal conditions the addition of these ions to the solu-

tiondidnut-Ahae t"= rpcrtd ofect. PrhenS te annn for the lac.k
of effectiveness of these additives may be that they may be preferentially
partitioned in the liquid phase rather than in the vapor phase where the crys-
tal is growing. On the other hand, the hydrothermal solution
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had similar effects as those reported for the addition of boron oxide to a
melt. That is, it reverses growth polarity, and increases growth rates in
the positive polar direction.

One advantage of the hydiothermal method is the fact that the growing
crystal is able to reject impurities present in the nutrient. Table 1
shows that the BeO pqllets used as nutrient were contaminated with Ca,
Mg, Al, and Si during the fabrication process. It is, however, signifi-
cunt that of these only Si was incorporated in the growing crystal to
any extent and even here it was significantly reduced as compared to the

level present in the nutrient. This is important because we have demon-
strated that in the production growth of BeO it may not be necessary to
use ultra-pure BeO and so a reduction in cost may be achieved by this.

The high quality of the crystals grown in Run 920 (Figure 10) is
demonstrated by the x-ray topographic studies done so far. The surface
of the first crystal is not a rough as that of the second crystal as
is evidenced by the optical photograph (Figures 13 and 15). The left
hand.side of the Berg-Barrett photograph (Figure 14) has details which
could not.be due to dislocations since examination of the optica] picture
reveals no surface defects which might cause this. Consider the (10.1)
face of crystal 2 (Figures 16-17). The Berg-Barrett analysis shows that
the crystal has not diffracted as a whole but rather in patches. Figure
18,which is a photographic enlargement of a part of Figure 17 clearly
demonstrates this lack of uniform diffraction by the crystal as a whole.

Upon examination of the optical pictures of the crystal, %.be rough sur-
face is readily evident. There are steps all along the surface of the
crystal. This would in part explain the patchy diffraction patterns as
the result of the steps, which would break up the surface of the crystal
into various areas, thereby preventing diffraction as a whole. The con-

dition of the surface, then prevents an unambiguous study of the defect

state of the crystal.

*One of the unique features of this work is the fact that the crystals

are grown in a dense vapor phase above the liquid phasb containing the
nutrient. A baffle is, however, necessary to separate the vessel into

[ two isothermal zones. The lower nutrient zone contains a liquid phase
and a vapor phase above it. The upper growth zone contains entirely a
vapor phase. The recrystallization process substantially improves the
purity and quality of the crystals grown.

The estimation of the internal strain in the crystal by the degree of

resolution of the Ka,. and Ka2 doublet showed that there was a small but
noticeable difference between BeO and the LiF reference crystal. This dem-
onstrated that the strain present in the BeO crystal was qualitatively

small.

L
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VII. CONCLUSIONS

The work done so far has conclusively demonstrated that high quality
BOO crystals can be grown hydrothermally. The major olistacle to the routine
production of these crystals is that of obtaining high. quality seeds. Crys-
tals weighing up to 1.07 g. have been grown hydrothermally in four molar
potassium hydroxide solution with the nutrient temperature of 535 + 50C,
and growth zone-4emperature of 505 ± 50C. The best quality crystals were
also obtained under similar conditions, but in this case high quality seeds
were used.

The purest crystals were grown in a dense vapor phase above the liquid
which contained the nutrient material. This is the first time that a large
crystal has been grown hydrothermally from a vapor.

3
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VIII. FUTURE WORK

The characterization of the hydrothermally grown BeO crystals is themajor area where much more work remains to be done. However, additional0large crystals are necessary to do this satisfactorily. Work on growing
these crystals has already been started, but it will be necessary to slicesome of these crystals to provide larger seeds for use in other long termgrowth runs. The characterization of the crystals grown will then be done
using the techniques described. These will be supplemented with the study
of their absorption spectra. This is a particularly valuable tool for
detecting the presence of (OH-) and also differentiating it from free

t water.

Further work is also underway on the characterization of the BeO
crystals for defects and structural perfection. This involves the Polish-
ing of the parts of various faces to remove the effect of surface featureg\which make the interpretation of the Berg-Barrett photographs somewhat
difficult.
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CHAPTER 2. POTASSIUH TANTALATE-NIOBATE (MTN) To. 6 5 " 0 .3 5 O3

I. INTRODUCTION

The present revived interest in potpssium. tentalate-niobate is mainly
due to the observation of Gousic et al(l) that this material has very use-

A ful electro-optical properties when the device is operated just above the
Curie temperature (T.), and the material is in the cubic paraelectric state.
Under these conditions it has the added advantages that the electro-optical
effect is quadratic, and when the crystal is biased with readily obtainable
voltages it can be driven by transistor circuitry to perform the optical
modulation function. Besides these advantages, KTN has excellent acoustical
parametric amplification characteristics.

The fact that the material has these desirable properties led to the
intense study and development of that composition in the solid solution
series, which has the Te at or juts below room temperatures. This permits
a device capable of producing large polarizations to operate at room tem-
peratures. The composition Xa 0 . 6 5Nb0 .3 5 03 (KTN) was, therefore, selected
as the most desirable, (Figure 19).
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II. PREVIOUS WORK

ttempts to grow L:-ystals of this composition have been made by Bonner
r/ et al'', and Wilcox and Fulmer(3) using flux methods; and Marshall and

Laudise(4) using hydrothermal methods. However, the crystals produced so
far have not been entirely satisfactory because they develop a lamellar
pattern, which is believed to either represent areas of slightly different
Nb/Ta ratios, and hence different structures at room temperatures, or
domain structures. There is also the additional difficulty of preventing
zoning in the crystals, as is indicated by the wide loop between the solidus
and liquidus curves of the system KNbO 3-XTaO3 (Figure 20). This difficulty
can be minimized by using a large charge,stirring the melt efficiently and

'k crystallizing out only a relatively small amount of material. It is, how-
ever, desirable to develop a method of growing these crystals that would be
free of these lamullar patterns, which are the reasons for the rejection of
a very high percentage of the crystals grown.

The growth of the crystals in the subsolidus region of the system
would seem to offer a possible alternative for obtaining crystals of the
desired composition, and free of the lamellar pattern and other defects.
The hydrothermal method, which essentially operates under these conditions,
therefore, warrants investigation. Marshall and Laudise ( 4 ) in their study
of the solid solution series K(Ta,Nb)0 3 , found that there was a dependence
of the unit cell size, and hence composition and Curie tempeiature, upon
crystallization temperature and KOH concentration. This suggests the need
for precise control of the growth temperature to produce crystals of uniform
and stoichiometric composition.
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III . APPROACH

The first objective was to determine the equihbrim phase relation-
ship" in the system below the solidus. Reisman, Triebwasser and Holtz-berg(), d Flashen(7)Fuer~
borge ) , Garn and cen and Wilcox and Fulmer 3) reported that a com-
plete solid solution series existed in the system KNbO3-KTaO3 at liquidus
temperatures, but no information was found on the equilibrium relations in
the subsolidus region. This information is vital for the hydrothermal
growth of ETN crystals,since this method tends to promote more rapid attain-
ment of equilibrium conditions.

It was also necessary to obtain at least a rough estimate of the effects
of the hydrothermal environment on the liquidus t'-'Veratures in the systam,

since it was expected that the hydrothermal solution would lower the liquidus
temperatures, and so impose a maximum temperature under which the crystals
could be. grown hydrothermally. The initial work had established that KNbO-
ETaO3 solid solution has only a limited solubility in water or KOH solutions
at lower temperatures. This lower solubility has some advantages since if
only a small amount of the solid phase is dissolved in the solution, then a
large reserve of nutrient material will be available to keep the composition
of the liquid phase constant. There is, therefore, the possibility of main-
taining a constant composition in the crystals which precipitate from the
solutionp and so avoid the problems found when the crystals are grown from a
flux$
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IV. EXPERIMENTAL

Starting Materials

The chemicals used were Ta2O5 , Nb205 , and KOH (manufacturers stated
purity 99.9%). Stoichiometric mixtures of KTaO 3, KNbO:, and compositions
between these including KTao. 6 Nbo.3O were prepared by weighing together
the required amounts of K2C03 and the oxides, which had been previously
dried at 4000C. These were homogenized by grinding in an agate mortar
using acetone as the suspending agent. The mixtures were air dried until

v free of acetone and then stored. Portions of these mixtures were also
heated to 600°C for 48 to 72 hours and then to 8000C for one hour to pro-
duce a very fine grained KTN which is very reactive and suitable for use
in phase equilibrium studies. Another portion of the mixture was fired

12 to 13000C in a sealed Bridgman crucible, and crystallized. This produced
a coarsely crystalline material which was used in some runs.

Equipment and Techniques

The hydrothermal equipment used in these experiments included the
standard Tem-Pres hydrothermal research units Model HR-lB, which have been
described in previous reports(8). The autoclaves were the test tube type
of 1/4 and 1/2 inch inside diameter, and were fabricated of Rene or Stellite
alloys. In'both cases, the charge and the required amount of the solution
selected were sealed inside gold capsules. These were placed in the auto-
claves, and brought to the operating conditions of temperature and pressure.
The furnaces were removed from the autoclaves at the end of the run and the
autoclaves were water quenched. Dry runs were made by firing previously
decarbonated mixtures either in sealed platinum tubes, or in covered platinum
buckets at temperatures between 4000C and 10000C for from two to five days.

The petrographic microscope proved to be a valuable tool for the
identification of the phases obtained. This, however, had to be supple-
mented by x-ray diffraction studies, because of the presence of different
polymorphs, and the very fine particle size of many of the crystals. A
Tem-Pres Model XD-l x-ray diffractometer was used. The shift in certain
high angle peaks was used for the determination of solid solution. Similarly
the appearance of lines of a second phase (Nb or Ta rich) or the presence of
another polymorph was used as the basis for deciding on the limits of solid
solution in the sub-solidus part -f the system.

An Applied Research Laboratory electron probe was also used tt study
composition variation across the faces and in slices of the crystals grown.

Subsolidus Phase Relations in the System KNbO,-KTaO3

The subsolidus phase relations in the system KNbO3-KTaO3 are shown in
Figure 21 based on experimental data indicatea. On the Ta-rich side, the
solid solubility increases from 22.3 mole% at 7000C to a little less than
-- molZ at 10000 C, but the range of solid solution in the Nb-rich side is

K limited to less than 10 mole % over the entire temperature range, at pressures
up to 1,000 bars;.

41
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The x-ray diffrac' ion patterns from crystals of KTaO3 and KNbO3 are

very similar, although KNb03 shows splittings of several major peaks due
to nonquenchable phase changes. However, an immiscibility gap can be de-
tected if high-angle x-ray reflections are used. The similarity in cell
dimensions of KTaO 3 and KNb0 3 makes the shifts of reflections as a func-

* tion of composition in the low anglv range so insignificant that a false
impression of complete series of solid solution is usually given.

So far, self-nucleated crystals up to 3 mm on edge have been grown
in rmns made to study the location of the exsolution dome (Figure 22).

The color of the crystals grown varied from colorless to pale blue.
It appeared that the crystals grown at higher temperatures were clearer
than those at lower temperatures but other factors are undoubtedly in-
volved. In a few cases, pale brown crystals were produced, and we con-

cluded that the redox potential in the system affected the color of the
crystals.

The smaller KTN crystals, and those formed at lower temperature, were
usually free from lamellar patterns. However in some runs, particularly

those made at higher temperatures exsolution patterns were observed in the
crystals. These appeared as criss-cross patterns associated with cleavage
and were usually about 0.005 mm across (Figure 23). When viewed under
crossed nicols it was observed that the striation lines were anisotropic,
suggesting that they were niobium rich areas (Figure 24).

In an attempt to verify the presence of the exsolution dome in the
system, sections of flux grown KTN crystals were treated hydrothermallyin 8H-KOH solution at 765, 665 and 5830C and 1,000 bars. The first was

for four days, and the others for 10 days. The section which was treated
at 7650C has the edges and a part of the two other -faces partially coated
with tiny crystals inopticalcontinuity with the rest of the crystal. The
section treated at 665 0C showed minor recrystallization while the third
showed no change.

No systematic study of the solubility of KTN in various solvents was
made because the phase relationships showed the presence of the exslution
dome.

Compositional Variations in Crystals

Because the petrographic microscope showed cleavage zones, with what
appeared to be exsolution areas rather than domain structures, an attempt

! ,'was made to confirm if these areas were niobium rich with respect to the
rest of the crystal. ,Two spectrometers on the Applied Research Laboratory

electron pvobe unit set at wave lengths of Ta La 1.5256R and Nb La 5.724.

VT *The crystals were kindly supplied by Speedway Laboratories, Linde Division,

Union Carbide Corporation.
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Figure 22. Largest KTh (KTa 7 5Nb.2503 ) Crystals Grown Hydrothermally
(Run 93,0

4 The smallest scale divisions are 0.01 inches.
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Figure 24. Exsolution Pattern in ETN Crystals Grown

- Iin Run 924 CrPoarsed ights

I4
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were used. The acceleration voltage was 30 K e.v. with a sample current of
0.03 amp . The spot size was 1-2/4diameter, and the scanning speed 96 I
minute. An electron probe traverse across a (100) cleavage face showed that
the niobium content in the cleavage areas appear to be slightly richer than
in the rest of the crystal, but this could not be verified with any certainty,
because of the small size of these zones. However, when the crystal face was
polished no differences were detected in the Nb/Ta ratio, except towards the
edges. Here the tantalum content decreased substantially and the niobium
content increased.

The Nb/Ta ratio across the lamellar pattern of the KTN crystals sup-
plied by Speedway Laboratories were also studied under the same conditions.
The ratio was found to be relatively uniform across most of the crystal,
but one area near the edge of the crystal showed a Nb rich zone.

I
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V. DISCUSSION OF RESULTS

The presence of an exsolution dome in the system is the novel result
of this study. Although this is not surprising, previous at. empts to grow
single crystals of this material had not taken this possibility into account.
This is somewhat surprising because most of the difficulties encountered in
obtaining high quality KTN single crystals are best accounted for by the
presence of such a dome. It should be remarked that the exsolution rate in
the systom is sluggish, and so it may be possitle to obtain single phase KTN
crystals at room temperature by careful control of growth conditions, In
fact, the electron probe study of many of the crystals obtained so far sug-
gest that this is a distinct possibility. The hydrothermal growth of KTN
crystals is, however, not feasible with the equipment cureently available;
since homogeneous KTa. 0 Nb 9 3 crystals can only be grown at temperatures
above 9000 C + 100 C. The upper recommended limit of currently available
large capacity autoclaves fabricated of Rene is 7000 C.

4

I 4



LI

VI. CONCLUSIONS

This study has shown that the KTN composition KTa.,0 NbO.z0 O3 is
metastable at temperotures below 900 ± 200C, and so it is not I'vasihle
to grow crystals of this composition hydrothermally. It is suggested

,that better crystals can be obtained from -the melt by more careful con-
trol of the temperature to minimize the possibility of the crystal
exsolving.
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CHAPTER 3. CI!RYSOBI3EI

I. TNTRODUCTION

Because of its similarity to both ruby and spinel, the chrysoberyl
structure is an interesting host lattice into which various transition
metal ions may be substituted and their optical, macs'.tic, and chemical
properties measured. This is illustrated by the gem variety alexandrite,
which has chromium substituting for aluminum. This mineral has a very
characteristic absorption spectrum and is strongly dichroic, shining
green in the day light and purple-violet under incandescent light. Large
high quality crystals of this material are, therefore, desirable for the
measurement of their physical properties.

From the crystal growing standpoint, chrysoberyl is also an inter-esting double oxide to grow, because the two components BeO and A120,

are relatively similar chemically, and so problems due to their unequal
partition between the solution and the crystalline phase should be minor
in dilute to moderately strong alkaline solution. Besides this, the solu-
bilities of both of these oxides have been determined in different solutions
at elevated temperatures and pressures. A detailed determination of how

the double oxide behaves should, therefore, add to our basic knowledge of
hydrothermal crystal growing processes.
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II. PREVIOUS WORK

Chrysoberyl is a stable phase in the system BeO-A'1203 . This binavy
was first investigated by Wartenberg and Reusch (I) , who, however, did not
find its stabi-lity field. Geller, et a1(2), re-investigated the system
and located its stability field and determined the melting point to be .I
18900C. Later Foster and Royal(3) studied the system BeO.A32Os-A12O3
and founC another phase with the probable formula BeO.3A1203 . Lang,
et a10), repeated this work and confirmed that BeO.3AIRO 3 was a stable

phase in the system and that it has a melting point of 1910 - 100C.
Another new phase with the formula 38eO.A1203 was reported to exist in
the system by Galokhov(5 ). This latter compound is very similar optically ,1
to chrysoberyl, but it is readily distinguishable from it by its x-ray
diffraction-pattern.

The synthesis of chrysoberyl has been described by Palache, et al(6),

but attempts by Farroll and Fang(7) to duplicate this were unsuccessful. I
These latter authors, however, reported on the flux growth o; both chryso-
beryl (Al2BeO4) and alexandrite (Al2BO 4:Cr). They obtained chrysoberyl
crystals between 0.1 and 10.0 mm from flux of the composition PbO 66.6,
A120 16.7, and BeO 16.7 mole per cent.
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II. EXPERIMEINUAL!I
ELquipment

The equipment used for the solubility determinations and preliminary
crystal growing runs conbists of Lwo-Tem-Pres hydrothormol research units,
Model HR-lB. These have been described fully in the Technical Report No.i AFM1,-TR-65-29(8).

Starting Materials

The BeO used in making the mixtures was purchased £rom Callard-
Schlesinger Chemical Mfg. Corp., Carle Place, L. I., N. Y., to be 99.9%
-pure, while the -A-20, used was obtained from Fisher Certified Aluminum
Hydroxide (A 203.nH20). This was ignited at 11000C to determine the alum-
ina content of the material. Equimolar mixtures of A1203 and were pre-
pared, thoroughly mixed by grinding, ignited slowly to 5000C and then
half an hour at 1300°C. When cooled, the powder was formed into pellets
by mixing with 107. Carbowax solution in water to a crumbl5 consistency. About
12-15 mg of the powder was placed in a 0.125 inch diameter pellet press and
vompressed to about 30,000 p.O.i. The green pellets were dried at 1000C:
cleaned by scraping from the sarface any ditty marks due to press contamina-

tion, fired overnight at 400-500C and finally at 13000C for half an hour.
This method produced strong well-sintered pellets.

Procedures

Solubility determinations of Al2BeO 4 were made in water and 1 to 8
normal KOH and NaH solutions at temperatures between 100 and 8000C and
pressures up to 4,000 bars. The techniques used were similar to those
previously described ( .

Results

The resuits of the solubility determinations of chrysoberyl in KOH
solutions at 1,000 bars and those in water at 4,000 bars are given in
Figure 25. Small crystals of chrysoberyl were obtained in a few runs
with 6N-KOH as solvent, while runs with 8N-KOH gave another phase. There
were, however, too few of these small crystals to permit identification.

No crystals were obtained in runs containing 1 to 4N-{OH or water as
solvent.
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* 8N-K0H - 1,000 bars
o 6N-KGH - 1,000*bars

X 4N-KOH - 1,000 bars
* 2N-KOH - 1,000 bars

260A IN-KOH - 1,000 bars

H20~a - 4,000 bars

4.3

>~ 9QO
0

0

f-4

14.0

*rf

-'4 .0

'-4

/ / A

2.~0

20400 6)00 800
Temperature 0C

Figure 25. Solubility of Chrysoberyl in Potissium Hydroxide
Solutions said Water vs Temperature at Selected Pressures.
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IV. DISCUSSION OF RESULTS

The solubility of chrysoberyl in water at 4,000 bars was somewhat
ut.zxpected. However, its abnormally high soiubility in KOH and N8011
solutions as compareol to those of Al2OjadBo ne similar cniin
follows a similar trqnd to the molting points of these three phases,
showing that the bonc4s of the double oxide chrysaberyl are weaker than

those of the two component oxides.

Crystals of another phase were obtained in runs with 8N-KOH and
change in siope of the solubility curves in 4 to 8N-KOH solutions with

incrasin teperauredoes sgettepeec farato ewe
KOH nd hryobeyl.Figure 26 also shows the dependence of solubility
on he oncntrtio ofthe KOH solution used. These observations suggest

thatthemor diutesolutions, wihhv dqaeslblt o hyo
-beylmaybe he estsolvents for grwn hsmineral yrteml .
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TABLE 8

SUMMARY OF DRY R1UNS IN THE SYSTFM KNbO 3 -hTaO 3

Charge Temperature
(% KTaO0)- 0 Time Products

0 700 5 dys KNbO a

10 700 5 dys KNbO3 SS + Cubic KTao 3 SS
, 20 700 5 dys I1bO3 SS + Cubic 1TaO3 SS

30 700 5 dys KNbO3 SS + Cubic KTaO3 SS
40 700 5 dys K~bO3 SS + Cubic KTaO3 SS
50 700 5 dys KNbO 3 SS + Cubic KraO3 SS

60 700 5 dys KNbO 3 SS + Cubic KTaO 3 SS
k 65 700 5 dys KNbO3 SS + Cubic KraO 3 SS

75 700 5 dys KNbO 3 SS + Cubic KTaO3 SS
100 700 5 dys KNbO 3 SS + Cubic KTaO3 SS

10 800 3 dys KNbO8 SS + Cubic KTao 3 SSB
20 800_ - 3-dys KNbO3 SB + Cubic XTaO3 SS

30 -00 3 dys KNb03 SS + Cubic KTaO3 S.
40- 800 3 dys KNbO3 SS + Cubic KTao 3 SS

5 1000 2 dys KNb03 SS + Cubic haO3 SS
10 1000 2 dys IbO 3 SS + Cubic KTaO3 SS

20 1000 2 dys KNb0 3 SS + Cubic lXTaO 3 SS
20 1000 3deKNbO 3 SS+Cui aO-S-
30 1000 2 dys KNbO3 SS + Cubic KTaO3 SS

40- 1000 2 dys KNbO3 -SS + Cubic KTra0 3. SS
50 1000 2 dys KNbO3 SS + Cubic KTaO0 SS

60 1000 2 dys Cubic ITa03 SS
65 imo0 2 dys Cubic KTa03 SS

75 1ood 2 dys Cubic'WraO3 SS
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TABLE 9

SOLUBILITY DETE MINATIONS OF CHRYSOBERYL,

Duration

No Solvent Temperature Pressure Hours Solubility

933 8N-KOH 750 1000 bars 14 22.9 g/100 m-.
979 680 1000 24 22.5
985 644 1000 43 22.7H984 600 1000 43 22.5
1003 558 1000 72 22.9
9813 503 1000 19 20.6
1002 492 1000 72- 20.2

11015 425 1000 96 19.4
i 1i14 398 1000 -96 20.6

1013 344 1000 96 16.0

1007 280 1000 144 12.0,
140 - 336 2.0

98-7 6R.0H 745 1000 19 18.1
986 686 1000 19 17.5
89i 645 1000 30 17.6
890 587 1000 30 17.5
889- 508 1000 30 14.7-

1006 280 1000 144 12.7
140 - 336 1.9

o

1066 4N-KOBU 769 1000 23 o.t

1062 716 1000 47 106
1061 682 1000 47 11.3
1065 589 1000 47 12.8
1064 155 4000 47 11.8
1063 493 1000 47 10.1

-993- 8N-NaOi" 756 1000 72 32.9 g/iO0 g. solvent

997 698 1000 72 31.7
996 64,3 1000 72 32.6-
995- 592 1000 72 23.4

994 600 1000 72 22.1
1009 280 1000 144 14.8

1008 6N-NaOH 280 1000 144 12.3

140 - 336 1.9

1018 H20 575 4000 96 1.3
1017 536 4000 96 1.0
1016 468 4000 96 0.8

140 - 336 0
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